Background and Purpose-Calcification has been associated with carotid plaque stability; however, an acceptable in vivo method to define plaques based on this component remains to be developed. The purpose of our study was to compare calcified and noncalcified volumes of carotid artery culprit symptomatic plaques with asymptomatic plaques using multidetector computed tomography. 
S
troke is the third leading cause of death in the United States, leading to Ͼ160 000 deaths annually. 1 Moreover, it is a major cause of functional impairment, leaving15% to 30% of survivors permanently disabled, and it is also a significant cost to the system, estimated at $53.6 billion (indirect and direct) in 2004. 1 Despite advances in therapy, prevention by treatment of risk factors remains the cornerstone in the management of stroke.
Per the American Heart Association/American Stroke Association guidelines, asymptomatic carotid stenosis is a welldocumented, modifiable risk factor for ischemic stroke. 2 With Ϸ5% to 10% of people older than 65 years having stenoses Ͼ50%, it is a relatively common problem. [3] [4] [5] However, management remains controversial. Given the results of the Asymptomatic Carotid Atherosclerosis Study and Medical Research Council Asymptomatic Surgery Trial, prophylactic carotid endarterectomy (CEA) should be considered for stenoses between 60% and 99%, provided that the performing surgeon has a low periprocedural complication rate. 6, 7 However, given the relatively low annual stroke risk for asymptomatic stenoses between 50% and 99%, estimated between 1% and 2%, 2 and an overall risk for stroke and death after CEA approaching 4% in many areas, 8 risk stratification of patients with stenosis is critical before considering CEA or endovascular intervention, a procedure also carrying serious associated complication rates. 9 Recently, noninvasive imaging of plaque characteristics has been proposed as a method of identifying low-and high-risk patients. 10 Specifically, calcification of carotid and coronary plaques has been found to represent a marker of plaque stability in ex vivo and in vivo studies. [11] [12] [13] [14] [15] However, both unstable and stable plaques often contain varying amounts of calcium, and an acceptable in vivo method to define plaques based on this component remains to be developed. Multidetector computed tomography (MDCT) is a promising method in the evaluation of atherosclerotic plaque, given its high spatial resolution and superior capability in assessing calcium, which has correlated well with histopathology in the carotid circulation. 16, 17 We hypothesized that asymptomatic plaques could be differentiated from symptomatic plaques using MDCT volume measurements of the content of calcified and noncalcified plaque. The purpose of our study was to compare calcified and noncalcified volumes of the carotid artery plaque resulting in significant stenosis in symptomatic and asymptomatic patients using MDCT.
Methods

Patient Selection
We searched the patient database at the University of Virginia Health System, an institution with Primary Stroke Center Certification from the Joint Commission on Accreditation of Healthcare Organizations, to identify all patients who underwent MDCT angiography of the carotid arteries between January 2004 and May 2006. Inclusion criteria were Ն50% extracranial carotid artery stenosis secondary to atherosclerosis disease on MDCT angiography. Patients were then classified as symptomatic, defined as ischemic neurological symptoms (stroke, transient ischemic attack, or amaurosis fugax) relevant to the index carotid lesion within 7 days of undergoing MDCT or as asymptomatic.
During the study period, 1076 patients underwent MDCT angiography of the carotid arteries; 873 patients were excluded secondary to lack of significant stenosis (Ն50%). Seventy-two patients were excluded secondary to conflicting causes of neurological symptoms, eg, cardiac emboli or lacunar infarction. Twenty patients were excluded for previous CEA with restenosis and 9 for tandem lesions.
Stroke and transient ischemic attack were defined per previously published criteria. 18 Amaurosis fugax was defined as acute onset of transient partial or complete monocular loss of vision. Symptoms were deemed relevant to the index lesion only after exclusion of other sources. 19 Patients classified as asymptomatic had no history of symptoms, neither remote or at the time of examination, as determined with a detailed neurological examination by an experienced vascular surgeon. Clinical information regarding both groups, including the presence of coronary artery disease (angina, myocardial infarction, or coronary revascularization), diabetes mellitus, hypertension, remote or present history of smoking, and dyslipidemia, was recorded.
Institutional review board approval was obtained for this study; informed patient consent was not required. This study was compliant with the Health Insurance Portability and Accountability Act.
Scan Parameters
All patients underwent MDCT angiography using a 16-slice scanner (LightSpeed 16; GE Healthcare). Images were obtained from the aortic arch to the supraventricular white matter using helical acquisition with 6.25 mm/rotation and 1.25ϫ1.25 mm collimation (120 kVp, 350 mA). A standard reconstruction kernel/algorithm was used. A total of 100 to 125 mL Omnipaque 300 was injected at a rate of 4.0 to 4.5 mL/s, with a delay determined by an automated bolus timing program. The image data were transferred to a computer workstation (Kodak PACS version 5.2.1; Kodak) for postprocessing.
Stenosis and Plaque Volume Determination
The degree of luminal stenosis was measured by a single experienced neuroradiologist, blinded to clinical data, based on analysis of axial slices, multiplanar reconstructions, maximum intensity projections, and 3-dimensional volume rendering reconstruction for optimal assessment, using North American Symptomatic Carotid Endarterectomy Trial Collaborators criteria. 20 To determine total plaque volume (TV), calcified plaque volume (CV), noncalcified plaque volume (NCV), and calcified volume/total volume (CV/TV), contiguous 1.25-mm-thick cross-sectional images of the index carotid lesion causing stenosis were rendered. Wide fixed window settings were mainly used (700-HU window, 250-HU level), with several cases requiring individual changes in the level and windows for optimal visualization (range, 600 to 1000 HU window, 150 to 400 HU level) based on previous studies. 21, 22 For the length of plaque on the multiplanar reconstructed images, the lumen and the outer vessel wall were manually traced with a region of interest tool to determine the areas of each. Plaque area was calculated by subtracting the lumen area from the outer vessel wall cross-sectional area for each slice, and using Simpson's rule for additive method of volume determination, the sum of the plaque areas was multiplied by the slice increment to determine the TV of the whole plaque in mm 3 ( Figure 1 ). 21 CV was determined by manually tracing the calcified plaque on each slice for the length of the plaque, with the sum of the areas of calcium multiplied by the slice increment to determine volume. 22 NCV was calculated by subtracting CV from TV. Measurements were performed by a single blinded investigator, and reproducibility assessed by measurements in 50 consecutive patients by a second blinded investigator.
Statistical Analysis
Simple logistic regression analysis was used to examine the relationship between the independent variables, TV, CV, NCV, and CV/TV, age, sex, percent stenosis, diabetes, hypertension, smoking, dyslipidemia, and the dichotomous dependent variable of symptomatology. In a model including cardiovascular risk factors, age, sex, and percent stenosis, backward stepwise logistic regression analysis (performed individually for each of the plaque characteristics) was then performed to select predictive variables for symptomatology by means of a log likelihood ratio test with an inclusion level of 0.05 and an exclusion level of 0.10. Receiver-operator curve analysis was used to determine a CV/TV threshold value that best discriminated patients without ischemic symptoms from those with symptoms. Interobserver agreement was assessed by the concordance correlation coefficient 23 and visually with Bland-Altman plots. 24 Unlike Pearson's correlation or R 2 values, the concordance correlation coefficient is a function of both accuracy and precision. Medcalc software (version 8.2) and the SAS system (SAS Institute) were used for statistical analyses. PϽ0.05 was regarded to indicate statistical significance.
Results
Patient Population
A total of 102 patients were included in the study, with 67 asymptomatic patients and 35 symptomatic patients (17 stroke, 13 transient ischemic attack, 5 amaurosis fugax). Patient demographics are summarized in Table 1 . Hypertension was significantly greater in the symptomatic than asymptomatic patients, and age significantly greater in the asymptomatic patients. Referral for MDCT for all symptomatic patients was for primary evaluation of neurological symptoms; for the asymptomatic patients, 62 were referred for evaluation of stenosis after ultrasound as an alternative to digital subtraction angiography (referral for ultrasound: 45 physical examination findings [bruit], 10 precardiac or general surgery clearance, 7 routine screening), and 5 discovered during precoronary artery bypass grafting work-up for comorbidities using MDCT.
Plaque Volume Measurements
The 102 plaques causing stenosis in the 102 patients were analyzed. No exclusions were deemed necessary based on image quality by either observer. The means and standard deviations for TV, CV, NCV, and CV/TV are shown in Table 2 .
The results of simple logistic regression analysis are described in Table 3 . On simple logistic regression, there was a statistically significant negative association between CV/TV and age with symptomatology, and a statistically significant positive association with hypertension. Other variables did not demonstrate a significant association with the presence of symptoms.
With backward stepwise logistic regression using CV/TV, cardiovascular risk factors, age, sex, and percent stenosis as independent variables, CV/TV demonstrated a significant negative association with symptoms (odds ratio, 0.04; 95% CI, 0.004 to 0.51; Pϭ0.01), and hypertension showed a significant positive association (odds ratio, 6.4; 95% CI, 1.7 to 24.7; Pϭ0.006). Other variables did not contribute significantly to the presence of symptoms.
No significant association between TV, NCV, or CV and symptoms was found on simple or stepwise logistic regression.
Threshold Determination
A plot of CV/TV against symptoms is shown in Figure 2 . There is a large overlap in the CV/TV for symptomatic and asymptomatic plaques between 0% and 45%. However, with plaques with Ͼ45% calcification of the total plaque, which constitute 19.6% (20/102) of the total plaques and 28.4% 
Interobserver Agreement
The estimated concordance correlation coefficients, representing agreement between observers, are 0.998, 0.999, 0.999, and 0.998 for CV, NCV, TV, and CV/TV, respectively. These estimates are close to 1 (best possible value) and indicate excellent agreement. Bland-Altman plots also demonstrate good interobserver agreement for CV, NCV, TV, and CV/TV in 50 consecutive patients. For calcified plaque, mean interobserver difference was 1.1 mm 3 and 95% limits of agreement were Ϯ13.5 mm 3 ( Figure 3a) . For noncalcified plaque, mean interobserver difference was 0.3 mm 3 and 95% limits of agreement were Ϯ30.7 mm 3 ( Figure 3b ). For total plaque, mean interobserver difference was 0.9 mm 3 and 95% limits of agreement were Ϯ30.6 mm 3 ( Figure 3c ). For CV/TV, mean interobserver difference was 0.003 and 95% limits of agreement were 0.037 (Figure 3d) .
Discussion
In the present study, we used MDCT to compare noncalcified and calcified plaque volumes of plaques causing carotid artery stenoses in symptomatic and asymptomatic patients; we found an inverse relationship between the proportion of calcium in a plaque and symptoms, even with a model including age, sex, percent stenosis, and cardiovascular risk factors. Of clinical significance, there is a great deal of overlap between stable and unstable plaques between 0% and 45% calcification of the total plaque volume, but in a distinct subset of patients, heavily calcified plaques (Ͼ45% calcified) demonstrate a strong predilection toward stability, as defined by lack of associated symptoms. Moreover, there was no significant relationship between the absolute volumes of total plaque, calcified plaque, and noncalcified plaque with symptoms, suggesting the ratio of contents may play a more important role than the amount of plaque contents.
The relationship between calcium and in vivo carotid plaque stability has been previously studied by our group. 11 In Figure 3 . A, Bland-Altman plot demonstrating good agreement between observer 1 and observer 2 for calcified plaque volumes, with mean interobserver difference and 95% limits of agreement demonstrated. B, Bland-Altman plot demonstrating good agreement between observer 1 and observer 2 for noncalcified plaque volumes, with mean interobserver difference and 95% limits of agreement demonstrated. C, Bland-Altman plot demonstrating good agreement between observer 1 and observer 2 for total plaque volumes, with mean interobserver difference and 95% limits of agreement demonstrated. D, Bland-Altman plot demonstrating good agreement between observer 1 and observer 2 for the calcified/total plaque volume ratios with mean interobserver difference and 95% limits of agreement demonstrated. a study population of 31 patients with 36 plaques, using attenuation measurements in small regions of interest with MDCT, calcified plaques were less likely to be associated with symptoms than noncalcified plaques. However, the use of attenuation measurements, Hounsfield units, to characterize plaques can be markedly limited by volume averaging and by the selection of regions of interest. In addition, this method does not quantify the proportion or amount of plaque contents but rather just reflects the density of the plaque, which is troublesome given the heterogeneity of many plaques. The use of MDCT volume measurements allows for the quantitative determination of the proportion of calcified plaque relative to the total plaque, which appears to be more significant than absolute volume of calcium. This methodology also demonstrates good interobserver agreement for both calcified and noncalcified plaque volumes.
The stabilizing role of calcium has been demonstrated in ex vivo carotid artery studies and within the coronary arteries. Hunt et al collected endarterectomy specimens from 142 patients with stenosis, and found that patients with the presence of calcium within plaques had fewer symptoms of transient ischemic attack and stroke. 12 Importantly, they also specifically found large calcific granules (heavily calcified plaques) to be less associated with symptoms. Shaalan et al studied 48 CEA specimens using computed tomography and found asymptomatic plaques to be more calcified than symptomatic plaques. 13 In the coronary circulation, plaques in patients with stable angina were found to be more calcified than those in patients with unstable angina or myocardial infarction using intravascular ultrasound. 15 The mechanism by which calcium confers stability to plaques has both a mechanical and functional basis. Using large-strain finite element analysis on postmortem coronary arteries, Huang et al found that calcification does not significantly impact the biomechanical stress on the fibrous cap, unlike lipid pools which increase the stress. 14 They also found that large amounts of calcification, via bearing mechanical load, may confer plaque stability. The overlap in calcium ratios of stable and unstable plaques with lower degrees of calcium and stability of heavily calcified plaques also has an explanation in the differences in failure stresses of the different plaques. 25 Failure stress, leading to rupture, often occurs at interfaces between materials of different stiffness. Given the increased stiffness of calcium relative to noncalcified plaque, as the calcified content increases up to a point, there are increased interfaces between the plaque contents leading to possible increased risk of rupture. However, at a point where plaques become heavily calcified, there is coalescence of the plaque, which decreases the interface area between the stiffer and more distensible plaque, which may lead to decreased risk of rupture. Functionally, there is an inverse relationship between the degree of carotid plaque calcification and fibrous cap inflammation, as determined by macrophage infiltration in CEA specimens, suggesting the association of stability with calcium. 13 The implications of the current study have potential applications to the management of asymptomatic carotid stenosis. Given the serious risks of surgical and endovascular intervention, a noninvasive method of determining patients who are at decreased risk and may be amenable to medical therapy is critical. The degree of calcification within the plaque causing stenosis may play an important marker for patients who could potentially be treated less aggressively. In our series, calcification of Ͼ45% of the plaque had a strong association with absence of symptoms. Although this threshold is limited by a low sensitivity of Ϸ30%, given the absolute high number of patients with asymptomatic stenosis, there is prospective clinical pertinence to the utilization of the plaque content ratio. If this threshold is validated in larger, longitudinal series, there could be potential avoidance of the morbidity and mortality associated with CEA/endovascular intervention for many patients and possibly savings to cost to the health system. In addition, if the results of the study could be reproduced in the coronary vasculature, there is potential for the risk stratification of patients with coronary artery disease as well, especially relevant given the likely increase in discovery of many asymptomatic stenoses on MDCT, as it becomes increasingly used.
There are several limitations to our study. First, MDCT angiography was used to determine the percent stenosis, not catheter-based angiography, which is considered the gold standard. Although a recent meta-analysis found computed tomography to be accurate for the detection of disease from 70% to 99%, the accuracy for moderate stenosis, 50% to 69%, is less established. 26 However, the Brain Attack Coalition has recently assigned computed tomographic angiography a grade 1A recommendation for evaluating the vasculature of the neck based on evidence-based medicine assessment criteria. 27 In addition, our study used 16-slice MDCT, which likely has greater accuracy in quantifying disease, even in the presence of heavy calcification, than those included in the meta-analysis, which were mainly performed with single-slice computed tomography. 28, 29 Another limitation is the exclusion of silent ischemia in the asymptomatic patients. Although each of the patients underwent a detailed neurological examination, they did not undergo imaging given their asymptomatic state, making exclusion of silent infarction difficult. In addition, the lack of inclusion of patients with lacunar infarction and carotid stenosis, who also may benefit from CEA, represents a shortcoming of the study. 20 Another potential limitation is the degree of individual variability in the adjustment of window settings and its possible effects on volume measurements, which was not assessed in the present study. Further research in this area is necessary to identify the optimal values. The presence of contrast obscuring the detection of calcium could also present a limitation of our study, given that a noncontrast examination was not performed, as is blooming from calcium on MDCT leading to an overestimation of calcified plaque volumes. However, MDCT angiography has been found to be excellent in the detection and quantification of calcium despite the presence of contrast and the potential effects of blooming. 21, 30, 31 Finally, a limitation to the use of MDCT angiography in the evaluation of carotid plaque morphology is the amount of radiation exposure, estimated at 3.1 mSv per scan, and the utilization of potentially nephrotoxic contrast agent.
In conclusion, using MDCT volume measurements of calcified and noncalcified plaque volumes, the proportion of plaque calcification can be determined noninvasively, which appears to represent a marker of stability. This finding may have important implications for the risk stratification of asymptomatic carotid disease.
